Virtual Compton Scattering and Neutral Pion Electroproduction in the Resonance 
Region up to the Deep Inelastic Region at Backward Angles 
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We have made the first measurements of the virtual Compton scattering (VCS) process via the 
H(e, e'p)7 exclusive reaction in the nucleon resonance region, at backward angles. Results are 
presented for the W-dependence at fixed — 1 GeV^ , and for the Q'^-dependence at fixed W near 
1.5 GeV. The VCS data show resonant structures in the first and second resonance regions. The 
observed Q'^-dependence is smooth. The measured ratio of H(e,e'p)7 to H(e,e'p)7r° cross sections 
emphasizes the different sensitivity of these two reactions to the various nucleon resonances. Finally, 
when compared to Real Compton Scattering (RCS) at high energy and large angles, our VCS data 
at the highest W (1.8-1.9 GeV) show a striking Q^-independence, which may suggest a transition 
to a perturbative scattering mechanism at the quark level. 

PACS numbers: 13.60.Fz,25.30.Rw 



I. INTRODUCTION 

Understanding nucleon structure in terms of the non- 
perturbative dynamics of quarks and gluons requires new 
and diverse experimental data to guide theoretical ap- 
proaches and to constrain models. Purely electro- weak 
processes are privileged tools since they can be inter- 
preted directly in terms of the current carried by the 
quarks. This paper presents a study of the virtual Comp- 
ton scattering (VCS) process : 7*p 7p, in the nu- 
cleon resonance region via the photon electroproduction 
reaction : H(e, e'p)j, together with results in the neutral 
pion electroproduction channel H(e, e'p)Tr'^. This study is 
based on part of the data of the E93-050 experiment 0, 0| 
performed at the Thomas Jefferson National Accelerator 
Facility (JLab). Its motivations were twofold: 1) investi- 
gate the very low-energy region, below the pion produc- 
tion threshold, to determine the Generalized Polarizabil- 
ities of the proton 2) make an exploratory study of 
the VCS process in the region of the nucleon resonances, 
which is the subject of the present paper. A first set of 
E93-050 results in the H(e, e'p)7r° channel were published 
in . This experiment was part of the Hall A commis- 
sioning phase, and was therefore conducted prior to the 
Real Compton Scattering (RCS) and Deep VCS (DVCS) 
program at JLab. Lastly, in this experiment the photon 
electroproduction process was for the first time cleanly 
separated from the dominant H(e, e'p)!:^ reaction above 
pion threshold. 

The Constituent Quark Model of Isgur and Karl [3, Q 
reproduces many features of the nucleon spectrum. How- 
ever, the structure of the nucleon resonances, particu- 
larly the electro- weak transition form factors, remain in- 
completely understood. The simultaneous study of both 
(iV7r) and (iV7) final states of the electroproduction pro- 
cess on the nucleon offers probes with very different sen- 
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sitivities to the resonance structures. Another motiva- 
tion for the present study is to explore the exclusive 
H(e, e'p)7 reaction at high W , where perturbative cur- 
rent quark degrees of freedom may become as important 
as those of constituent quarks and resonances. Quark- 
hadron duality implies that even at modest Q^, inelastic 
electron scattering in the resonance region can be ana- 
lyzed in terms of quark rather than nucleon resonance 
degrees of freedom Q . 




(b) (c) 



e"(k) e"(k') 
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FIG. 1: Kinematics for photon electroproduction on the pro- 
ton (a) and lowest order amplitudes for Bethe-Heitler (b, 
c), VCS Born (d, e), VCS Non-Born (f), and t-channel 7r°- 
exchange (g) processes. The particle four-momenta are indi- 
cated in parenthesis in a). 



A. Kinematics 

The kinematics of the H(e, e'p)^ reaction are repre- 
sented in Fig. A common set of invariant kine- 
matic variables is defined as —Q^ = (fc — k'Y = , 
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s = = (g + p)2^ t = {p - and u = {p - q'Y . 
The q'-direction defines the polar axis of the coordinate 
system : 6*^ and ((> arc the polar and azimuthal angles 
in the 7*p — > ^p subprocess cm. frame. The scattered 
electron direction defines = 0. The H(e, e'p)^ reac- 
tion was measured below the pion threshold in several 
experiments IB , Hi B and in the region of the A(1232) 
resonance [ol. llOl|T 

We present in this paper the first measurements of the 
H(e, e'p)7 cross section that were made through the en- 
tire nucleon resonance region. We measured the photon 
electroproduction cross section in two scans: 

• The nucleon excitation function from threshold to 
W = 1.9 GeV at Q2 = 1 GcV^; 

• The Q^-dependence near W = l.b GcV. 

The cross section for the H(e, e'p)7r° process was de- 
termined simultaneously in the experiment, at the same 
kinematics. All these measurements were performed in 
backward kinematics, i.e. within a cone (cos0*^ < —0.5) 
centered on the backward axis {q' opposite to q). This 
angular domain, traditionally dominated by u-channel 
exchanges, is opposite to the DVCS kinematics which 
are at forward 0* . 



B. Interference of Bethe-Heitler and VCS 
Amplitudes 

In the one-photon exchange approximation, the pho- 
ton electroproduction amplitude (Fig. [T^) includes the 
coherent superposition of the VCS Born (Fig. [TJi and 
H^) and Non-Born (Fig. [Tf ) amplitudes, and the Bethe- 
Heitler (BH) one (Fig.[l}3 and [J;) [ui- Note that in the 
BH amplitude, the mass-squared of the virtual photon 
(elastically absorbed by the proton) is t. In the VCS 
amplitude, the mass-squared of the virtual photon (in- 
elastically absorbed) is —Q^. The BH amplitude domi- 
nates over VCS when the photon is emitted in either the 
direction of the incident or scattered electron. It also 
breaks the symmetry of the electroproduction amplitude 
around the virtual photon direction. Thus, in the data 
analysis we have not expanded the 0-dependence of the 
H(e, e'p)7 cross section in terms of the usual electropro- 
duction LT and TT interference terms. This would be 
possible for W well above the A(1232)-resonance, where 
the BH amplitude becomes negligible. However, in this 
region {W > 1.4 GeV) our data are mostly (/)- independent 
within statistics. 



II. EXPERIMENT AND ANALYSIS 

We performed the experiment at JLab in Hall A. The 
continuous electron beam of energy 4.032 GeV with an 
intensity of 60-120 bombarded a 15 cm liquid hydro- 
gen target. The scattered electron and recoil proton were 




0.02 0,04 0.01 

M^^(GeV^) 

FIG. 2: Squared missing mass Mx for an experimental setting 
&t W = 1.2 GeV (a) and zoom around the 7 peak (b). The 
shaded window [-0.005, 0.005] GeV^ is used to select the 7 
events. The FWHM of the peak increases from 0.0022 to 
0.0050 GeV^ when W goes from 1.1 to 1.9 GeV. 



detected in coincidence in two high-resolution spectrom- 
eters. The emitted photon or tt*^ was identified by recon- 
struction of the mass of the missing particle. A spectrum 
of the squared missing mass M|- = {k+p—k'—p'Y is dis- 
played in Fig. [2] and shows the good resolution achieved 
in the separation of the two electroproduction channels. 
The apparatus is described in detail in (l^ . and the de- 
tector acceptance and spectrometer settings in 

We extract the five-fold differential cross section 
d^a{ep -> ep7) = d^a/(dk'i^i,d[Qe]iab d[np\c.m.) using 
the method described in [2|; dfe^^f, and d[il,e\iab are the 
scattered electron differential momentum and solid angle 
in the lab frame, and (i[rip]c.m. is the proton cm. differ- 
ential solid angle. The calculations of the solid angle and 
radiative corrections are based on a simulation [l3| in- 
cluding the coherent sum of the BH and VCS-Born ampli- 
tudes (Fig. [T|D,c,d and e) only. The inclusion of the BH- 
amplitude ensures that our simulation reproduces the 
strong c/)-depcndence near pion threshold. Corrections 
were applied for acceptance, trigger efficiency, acquisi- 
tion and electronic dead times, tracking efficiency, target 
boiling, target impurity and proton absorption In 
addition, a correction (—0.1 to —1.7%) for the exclusive 
TfO background in the M|. window [-0.005, 0.005] GeV^ 
was made using our simulation, based on the results of 

i. 

The data are binned in the variables cos 9*^, (p and W. 
In each bin the cross section is determined at a fixed 
point, using the model dependence of the BH-|-Born cal- 
culation. This fixed point is at the center of the bins 
in cos9*^,<f> and W. We define three bins in cos 6**^.1, : 
[-1.0, -0.95], [-0.95,-0.80], and [-0.80,-0.50], therefore the 
cross section is determined at cos9*^= -0.975, -0.875 and 
-0.650. The phase space in (jj is divided in six bins from 
0° to 180°, of 30° width. The statistics from = -180° 
to = 0° are added using the symmetry property of 
the unpolarized cross section w.r.t. to the lepton plane, 
da{(f)) ~ da{2TT — (f). The elementary bin size in W is 20 
McV. 
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The two other variables needed to complete the kine- 
matics are the photon virtuality (constant in the first 
scan and variable in the second scan) and the beam en- 
ergy in the lab, which is always kept fixed: kiab = 4.032 
GeV. As a consequence, the virtual photon polarization 
e = [l + 2((f tan^(6'e/2)] is not constant but de- 

creases monotonically from 0.95 at W~l GcV to 0.75 at 
W=1.9 GcV. 

Full results, including statistical and instrumental uncer- 
tainties arc presented in the Tables of the Appendix. The 
cross-section values arc statistically independent, bin-to- 
bin. Systematic errors on the cross section are studied 
in (l^ . They mainly originate from uncertainties in the 
absolute normalization (integrated beam charge) , the ra- 
diative corrections, and the knowledge of the experimen- 
tal acceptance. They are mostly correlated bin-to-bin. 
Another source of systematic error is due to the physical 
background subtraction. It is mostly independent bin- 
to-bin in W, and it affects the 7 channel more than the 
7r° channel (due to lower VCS statistics). As a result the 
total systematic error is larger in the 7 channel than in 
the tt" channel (cf. the Tables of the Appendix). 

The most detailed cross section is five-fold differential. 
However, for relevant studies we will use a two-fold cross 
section. Throughout this analysis the parametrization 
of ref. is used for the proton electromagnetic form 
factors, namely to compute the BH+Born cross section. 
The next sections present our results. 



III. RESULTS 

A. VCS Resonance Data, Scan in at = 1 
GeV^ 

This first scan provides an overall picture of the nu- 
cleon excitation spectrum induced by the electromag- 
netic probe, conditioned by the (7^) specific de-excitation 
channel. Tables |T] to IIIII contain the numerical values of 
the five-fold differential cross section d^a{ep — > epj) at 
= 1 GcV^, for the six bins in as a function of W, 
and cos 6*;..^ ^ -0.975, -0.875, and -0.650. In Fig. [3] we 
present this cross section in the most backward bin, at 
cos 6*;^ = -0.975. 

The strong rise that the data show towards very low 
W and (j) ^ 180°, is due to the BH tail of clastic electron 
scattering. In this region there is obviously a strong 
interference between the BH and the VCS amplitudes, 
evolving from destructive at (/> = 15° to constructive 
at larger (p. The cross section calculated from the 
coherent sum of the BH and Nuclcon-Born amplitudes 
(thin solid curve) is in excellent agreement with the data. 

In the first resonance region, the thick solid curve 
shows the calculation based on Dispersion Relations 
(DR) by B.Pasquini et al. [l^- In this theoretical frame- 
work, our data were previously analyzed in terms of Gen- 
eralized Polarizabilitics for W < 1.28 GeV [l|. The DR 



d^o (f b / (MeV sr^)) 
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FIG. 3: (Color online) Excitation curves for the H(e, e'p)'y 
reaction at = 1 GeV^, cos6i;^ = -0.975, hab = 4.032 
GeV and six values of </>, as marked. The thick solid curve 
up through the A-resonance is our DR fit of the Generalized 
Polarizabilities The thin solid curve is the BH-|-Born cross 
section, and the dashed curve is the BH-|-Born-|-7r''-exchange 
cross section [l^- The dotted curve is the pure Bethe-Heitler 
cross section. 



model is able to predict the 12 independent VCS scat- 
tering amplitudes, in terms of the 7*iV —^ Nn multi- 
poles, i-channel tt*^ exchange, and two phenomenologi- 
cal functions: Aa{Q^) and A(3{Q'^). These two func- 
tions parameterize the contributions to the electric and 
magnetic polarizabilitics from high-energy virtual chan- 
nels. In particular, the term A3{Q'^) is modeled by t- 
channel cr-meson exchange. In jl8l | , it was suggested that 
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the combination [Aa + A(3]{Q'^)] is likely dominated by 
the Ntttt and Nrj multipoles, which are not presently in- 
cluded in the DR formalism. When a comprehensive par- 
tial wave analysis of the 'y*N ^ Ntttt multipoles becomes 
available, the DR formalism could be extended to the 
second resonance region {W « 1.5 GeV). A comparison 
with the present data would improve our understanding 
of the spatial distribution of the polarization response of 
the proton, by identifying more explicitly which channels 
and excitations contribute to the Generalized Polarizabil- 
ities. 

In Fig. [3] we also see strong resonance phenomena in 
the second resonance region. The higher resonances are 
not distinguishable, due to a combination of the limited 
statistical precision and the interference of many open 
channels in the intermediate state of the VCS amplitude. 
For W > 1.3 GeV, there is no complete model calculation 
of VCS incorporating resonances. Nevertheless, the data 
follow the general trend of the BH-|-Born calculation at 
high W, when we include the destructive t-channel 7r° 
exchange graph [l^ of Fig. [T^. This is somewhat sur- 
prising, given the spectrum of baryon resonances. In 
the resonance model of Capstick and Keister [l^ for 
RCS, the positive-parity intermediate states contribute 
constructively and the negative-parity states contribute 
destructively to the backward-angle cross section. Al- 
though diffractive minima can cause some amplitudes to 
change sign with Q^, this basic effect will remain in VCS. 
Thus the high-level density of resonances at large W does 
not necessarily enhance the backward cross section, and 
leads to a smooth behavior. In section UlI Dl we explore 
the question of which degrees of freedom are essential for 
the high-energy backward Compton amplitude. 

B. Q^-Dependence in the Region oi W = 1.5 GeV 

A second set of data was taken in order to study the 
Q^-dependence of the cross section at a fixed cm. energy. 
Ideally, such data provide information on the transition 
form factors of the nucleon resonances. Here we have 
performed an exploratory scan in the second resonance 
region, around W — 1.53 GeV, where the strongest exci- 
tations are the Di3(1520) and S'ii(1535) resonances. 

This study was performed for both channels II(e, e'p)^ 
and II(e, e'p)7r°. Measuring the two processes at the same 
kinematics allows to compare the sensitivity to the vari- 
ous resonances in two different exit channels. 

The detailed Q^-dependence of our experimental data 
is obtained by subdividing the spectrometer acceptance 
of three separate kinematic settings centered at = 0.6, 
1.0, and 2.0 GeV^. Tables JV] to EIIl contain the differ- 
ential cross section in each elementary bin in (Q^, W, (j)). 
For the figures we define a two-fold cross section. To this 
aim we first divide (fia by the virtual photon flux factor: 

d'^a (fa 1 

, — ( 1 ) 

^[^p]c.m. d^lab'^\^<!\la.bd[^ji\c.m. T 
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FIG. 4: (Color online) The Q'^-dependence of the reduced 
cross section {(faj) in photon electroproduction (see text), 
at fixed cosf;^ = -0.975, kiab = 4.032 GeV and W = 1.53 
GeV (statistical error only). The three diff'erent datasets 
are labelled by circles, squares and triangles. Left panel: 
comparison with theoretical calculations at W = 1.53 GeV. 
Right panel: the same experimental points with two difi'er- 
ent types of fits, having (ai, A^) or (02, b) as free parameters. 
The dot-dashed curve is the standard nucleon dipole squared. 
Go = {1 + Q^(GeV^)/0.71)"*, normalized arbitrarily to the 
data point at = 1 GeV^. 

The flux factor (Hand convention [20|) is defined by: 

P _ " ^lab ^"p -*- 

2^2 ■ ki,i, ■ 2MpQ2 • 1 _ g (2) 

where a is the fine structure constant and Mp the pro- 
ton mass. We then extract the (?i)-independent term of 
d'^cr/dlilplc.m., which will be called reduced cross section 
and noted {d^a). Since in each small Q^-hva the coverage 
in (f) is often not complete, this extraction is performed 
by fitting the experimental data to the 0-dcpendence of a 
model. The chosen model is (BH+Born) for photon elec- 
troproduction and MAID2000 for pion electroproduction. 
We just fit a global scale parameter from model to ex- 
periment; then from this parameter and the model it is 
straightforward to determine (d^cr) in the bin. The data 
represented in Figs. 5] and [5] are given in Table lylTTl 



1. The H{e,e'p)"f Process 

If the BH process was fully negligible, the obtained 
cross section (d'^a^) would represent the usual term 
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(far + ed^c^L of the VCS subprocess {j*p 7p). How- 
ever, this is only approximately true. In the kinematics 
considered here, the modulus of the BH amplitude still 
represents 6-15% of the modulus of the BH+Born ampli- 
tude. 

In Fig. d] we plot the Q^-dependence of the reduced 
VCS cross section (d^a-y) a.tW = 1.53 GeV and cos 9*^ = 
-0.975. A large bin width (60 MeV) is chosen in W in 
order to gain statistical accuracy. The measured values 
are a factor 2-3 above the BH-I-Born calculation, which 
may not be surprising since the model does not include 
any resonance structure. The Q^-dependence of the data 
is rather smooth. It is well reproduced in relative by the 
(BH-f-Born) or the (BH+Born -|- i-channcl 7r°-exchange) 
calculation. 

The data arc well fitted by a dipole or an exponential 
behavior, as illustrated in the right panel of Fig. ID We 
note that the dipole mass parameter A^ is much larger 
than for the standard nucleon dipole form factor Gzj. 
Without doing a complete analysis in terms of helicity 
amplitudes of the resonances as in refs. [2l| or [l^l, it 
is clear from our data that the involved transition form 
factors have a much slower decrease with than Gd, in 
the explored Q^-range. Interpretation of these data will 
require a systematic treatment of both the on-shell and 
off-shell intermediate states, entering the imaginary and 
real parts of the VCS amplitude, respectively. Strong 
contributions to the real part of the VCS amplitude are 
expected from resonances distant in W. 
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FIG. 5; (Color online) The Q'^-dependence of the re- 
duced cross section (d^cr^o) in -k° electroproduction, at fixed 
cose;^ = -0.975, kiab = 4.032 GeV and W = 1.53 GeV (sta- 
tistical error only). Left panel: comparison with theoretical 
calculations at = 1.53 GeV. Right panel; the same experi- 
mental points with two different types of fits. Same comments 
as in the previous figure. 



W -Dependence of the -Dependence 



2. The H{e, e'p)n° Process 

In the 7r° channel, the reduced cross section (cPa^o) 
strictly corresponds to the ^-independent term (Pax + 
ecPcTL of pion electroproduction. The data at the = 1 
GeV^ setting were previously published in [2] (but with- 
out subdividing into small Q^-bins). 

Figure [5] shows the Q^-dependcncc of the reduced cross 
section (rf^cr^o) at the same kinematics as Fig.Hl The en- 
hanced statistics in the 7r° channel allow us to choose a 
smaller bin width in W, of 20 MeV. The observed Q^- 
dependence is again rather smooth. Among the vari- 
ous versions of the MAID unitary isobar model [2^ , the 
most recent ones (2003 or 2007) better reproduce the 
Q^-depcndence of the data, however they still underes- 
timate the cross section in absolute by '^20-30%. The 
SAID WI03K [H] curve is a global fit including our 
= 1 GcV^ data 0, i.e. the points labelled by a 
square in Fig.O Therefore this model works well around 
= 1 GeV^, but gives poorer agreement with the data 
around = 2 GeV^. The most recent SAID calculation 
SM08 [2^ is in good agreement with the data for = 
1 and 2 GeV^. 



From both inclusive and exclusive data, it is known [21 1 
that in the second resonance region the virtual photo- 
absorption cross section is dominated by the Z?i3(1520) 
resonance at low (<1 GeV^), while for > 2 GeV^ it 
is dominated by the 5'ii(1535) resonance. Furthermore, 
some of the transition multipoles of these two resonances 
do not have simple dipole shapes in . This should 

result in a complicated Q^-depcndence of electroproduc- 
tion cross sections. However, surprisingly, the behavior 
observed in Figs. |4] and [5] at W = 1.53 GeV can be de- 
scribed by a single dipole fall-off. 

To further explore the Q^-beliavior of our reduced cross- 
sections, we have performed the same fits as in Figs. |3] 
and[5l i.e. dipolar or exponential, in each elementary W- 
bin of 20 MeV width, in the W^-range [1.45, 1.59] GeV. 
The result is presented in Fig. [SI One first observes that 
the fitted parameters take globally the same value for the 
H(e, e'p)7 and H(e, e'p)7i'° processes, i.e. A^ ~ 3 GeV^, 
or 5 ~ 0.9 GeV~^ everywhere. This slope value for b is 
intermediate between the values found for the 511(1535) 
and the 1^13(1520) resonances (6 = 0.38 and 1.60 GeV-^, 
respectively [2^ (see also [13, HI])). Assuming that the 
Q^-dependence of the virtual photo-production of a res- 
onance is given only by the coupling {'j*p — > resonance) 
and does not depend on the exit channel, then our ~ con- 



6 



G. Laveissiere et al., Virtual Compton Scattering and Neutral Pion Electroproduction ... 



y channel 



K channel 




1.55 1.6 

W (GeV) 



1.55 1.6 
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FIG. 6: (Color online) The slope parameters and b intro- 
duced in the two previous figures, determined here in each 
elementary VK-bin of width 20 MeV (statistical error only). 
Left and right panels are for photon and electroproduction, 
respectively. The solid curve (tt'^ channel) gives the result of 
the MAID2003 calculation, limited to W > 1.49 GeV. This is 
the only region in W for which the MAID calculation is well 
described by a simple dipole or exponential fit in the Q^-range 
[0.5, 2.0] GeV^ 



stant b suggests that approximately the "same mixing" 
of resonances is seen in the two exit channels (7p or 7r°p) , 
in the explored M^-range. 

However, at a finer scale the data of Fig. [6] do show 
some variations with W, which appear to be non-trivial, 
and of opposite sign in the two exit channels 7p and 
TT^p. Such variations are also present in model calcu- 
lations, e.g. MAID2003 in the figure (7r° channel). One 
concludes that the competition from multiple resonance 
channels results in a complicated W^-dependence of the 
Q^-dependencc of electroproduction cross sections. 



Note that the b parameter of the exponential fit was 
determined previously in ref. [2| for the 7r° channel [5^. 
This fit used our data in the limited Q^-range of [0.85, 
1.15] GeV^ instead of the present range [0.4, 2.2] GeV^ 
and it turned out that the obtained b values were usually 
smaller than the present ones. In the bin W £ [1.5, 
1.6] GeV, this hmited fit yielded 6 = 0.6 ± 0.1 GeV^^. 
The present global fit in the same M^-bin yields b = 
0.93 ± 0.02 GeV"^ This latter value better represents 
the average Q^-evolution of the cross section, in the full 
g2-range [0.4, 2.2] GeV^. 
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7; (Color online) Ratio of the reduced cross sections 
of the processes H(e, e'p)7 and II(e, e'p)7r°, at = 
1 GeV^ cos6lc.m. = -0.975 and hab = 4.032 GeV (full cir- 
cles; statistical error only). The full curve and the dotted 
curve for W < 1.3 GeV are this ratio, at the same kine- 
matics, calculated using different theoretical models (see text 
section IIII C|) . The stars represent the ratio vn* (see text 
sectio n nil Cp for the listed individual resonances, as obtained 
from [291 



C. VCS to 7r° Ratio 

From the present results and those published in 0], 
we have determined the experimental ratio between the 
H(e,e'p)7 and H(e,e'p)7r° cross sections at cos 6**^ = 
—0.975 and = 1 GeV^ for the entire resonance region 
(see Table IIX| . In Fig. [7] we show the value of the ratio 
of the (/)-independent cross sections, r = (c?^CT^)/(d^cr^o). 
Two theoretical calculations of this observable are also 
displayed: the full curve is obtained with BH+Born+Tr"- 
exchange for the H(e, e'p)j reaction (numerator) and 
MAID2003 [2i] for the H(e, e'p)7r° reaction (denomina- 
tor); the dotted curve is obtained by changing the nu- 
merator to the DR model for VCS [13 • This latter 
calculation agrees well with our data in the A(1232) 
resonance region. As a reference, we have also indi- 
cated (in star symbols) the value of the simple ratio of 
the branching ratios of the individual resonances [2^ : 
rjv- = BR{N* -> pj)/BR{N* Ntt). This ratio tat. 
is integrated over 47r in the final state, therefore it has 
different dynamical sensitivity than our backward data 
and should not be directly compared to them. Further- 
more, there are important interference effects between 
individual resonances, at the amplitude level, which are 
not considered in r^r., while they are -at least partially- 
taken into account in the theoretical curves of Fig. [T] 

Below the A(1232) resonance, the large enhancement 
of the ratio is due to the rising (BH-I-B) cross section in 
the VCS channel. We note the large enhancement of the 
measured ratio also in the second resonance region (Pn, 
Di3, Sii). These particular resonances have large cou- 
plings to the Ntttt and Nrj channels, which contribute as 
virtual channels to the VCS process. We have already 
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noted the likely significance of these resonances for the 
Generalized Polarizabilities. The observed variation of 
the ratio r with W illustrates our initial motivation: the 
VCS and 7*p —> ir^p channels have very different sensi- 
tivities to the resonances. 



D. VCS-RCS Comparison 

The RCS reaction 7p jp has been intensively 
investigated in the A(1232)-resonance [sO] and in the 
high-energy diffractive region j3ll . It was also studied 
above the A(1232) at Bonn j32l |. Saskatoon [3^, and 
Tokyo [13, lla]- The Cornell experiment [sl] measured 
the RCS process at photon energies Ey in the range 2- 
6 GeV and angles from 45° to 128° in the cm. frame. 
There are no high-energy fully backward RCS data. The 
recent JLab experiment E99-114 [13, [H] measured the 
RCS process at in the range 3-6 GeV. The large- 
angle data at fixed W are roughly independent of ^c.m. 
(within a factor of two) in the range [90°, 120°] [H]. 

In Fig. [S] we compare our VCS data at backward angle 
with existing large-angle RCS data. For this purpose we 
have used the VCS reduced cross section defined in sec- 
tion IIIIBi determined in the experimental scan at fixed 
Q'^ = 1 GeV^ and cos^*^ = -0.975, and the data have 
been converted in terms of da/dt (see Table |IX| . In this 
figure, at low W, we see again the rapid rise in the VCS 
cross section due to the coherent sum of the BH and 
Born amplitudes. As illustrated previously in Fig. [31 the 
VCS excitation in the A(1232) region is accurately fitted 
by the Dispersion Relations, including both the onshell 
iV — i- A transition form factors and the Generalized Po- 
larizabilities Above the A -resonance we do not have 
an explicit model of the VCS process. Through the sec- 
ond resonance region (W « 1600 MeV) the RCS and VCS 
data show on-shell s-channel resonances. The VCS/RCS 
comparison in this region shows a strong decrease of the 
cross section from = to = 1 GcV^, as expected 
from s-channel resonance form factors. 

The VCS/RCS comparison for Vl^ > 1.8 GeV is in 
marked contrast with the behavior at lower W . At high 
W the VCS cross section intercepts the trend of the 
largest-angle RCS cross sections (0c. m. ~ 130°), around 
W ^ 2 GeV. Also, for > 2 GeV the ^^-^"-scaling 
of the RCS data has a completely different trend than 
the (BH-|-Born-|-7r°-exchange) VCS curve, which seems 
to form a baseline for the VCS data at lower W . 

We briefly review the high-energy behavior of the 
Compton amplitude in three kinematic domains: — < <C 
W'^ (forward Compton scattering); ~t « VF^/2 (wide- 
angle Compton scattering), and the present domain of 
— t K, (backward Compton scattering). 

• Forward Compton scattering at high energy and at 
= (RCS) can be described by ^-channel Regge 
exchange processes [ll[. As the photon virtual- 
ity increases, the Regge exchange amplitudes are 
suppressed by factors of my /{my + Q^) from the 
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FIG. 8: (Color online) Comparison of VCS data from this 
experiment (•) at (Q^ = 1 GeV^ 6*^ = 167.2°) and RCS 



(*) m 

= 130 - 133° 



data, for W < 2 GeV at 61c. m. = 159 - 162' 
128- 132° (0) m, fen. = 141° (A) [H, 6 
(o) Q and e^.m. = 131° (□) [301, and for ly > 2 GeV at 
fc.m. = 105-128° (*) [Sll, Ocm. = 113° (★) and 128° (0) [H. 
The dotted curves labelled (1) and (2) are the BH-|-Born-|-7r°- 
exchange cross section (see text) and the BH one, respectively. 
For W > 2 GeV, the solid curve is an power law normal- 
ized to the W = 2.55 GeV Cornell point of ref. [H, the 
dot-dashed and dashed curves are s~^'^ and s~^'^ power laws 
fitted to the JLab data [3^ at Sc.m. ~ 113° and 128°, respec- 
tively. 



vector meson poles (of mass my) in the entrance 
channel. At high (but empirically only several 
GeV^) the forward Compton amplitude is dom- 
inated by the perturbative, leading- twist "hand- 
bag" amplitude of Deep Inelastic Scattering (DIS) 
|29| . Similarly, a recent QCD factorization theo- 
rem [13, Hll predicts that in the off-forward deeply 
virtual limit {-t/Q^ < 1), the DVGS j*p p-f 
amplitude factorizes the perturbative 7*g (77 
amplitude on an elementary quark in the target, 
convoluted with twist-2 quark (or giuon, at low 
Bjorken scaling variable xb) matrix elements called 
Generalized Parton Distributions (GPDs). Re- 
cent DVCS experiments have found evidence for 
the perturbative mechanism at Q^-scalcs of several 
GeV2 [4l,[4l,[43,[4i,[4i; 
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• Wide-angle Compton scattering at sufficiently high 
energies will be dominated by the perturbative two- 
gluon exchange kernel [13] . The presently available 
RCS data with {W'^,-t,M^ - u) all being large 
[H, [13, nil are consistent with a sub-asymptotic 
model based on the elementary Klein-Nishina (or 
"79 ~^ 97 handbag" ) process on a single quark, 
convoluted with hi gh- momentum configurations in 
the proton [H, [ii,!^^]; 

• We expect that the high-energy RCS amplitude at 
^c.m. ~ TT is dominated by u-channcl Rcgge ex- 
change. This M-channel Rcgge behavior is seen, for 
example in the jp — > rnr'^ reaction in the backward 
direction [5l|. On the other hand, as increases 
it is likely that the Rcgge exchange mechanism is 
strongly suppressed in the backward direction (just 
as it is for forward Compton scattering), and thus 
we do not expect it to be dominant in our VCS kine- 
matics. In RCS, only at high transverse momentum 
Pt, corresponding to both —t and — u being 
large, is the perturbative mechanism expected to 
be dominant. Inspired by the Q^-scaling behavior 
in DIS and DVCS, we may suggest that, as W"^ 
and increase, in the backward VCS cross sec- 
tion there is a transition to a hard-scattering pro- 
cess at the quark level. Of course more VCS data 
at high W {> 2 GeV) and backward angles would 
be needed in order to explore this conjecture. 

A QCD description of VCS in the backward region has 
been proposed This is a different kind of factoriza- 
tion relative to to DVCS in the forward region. In the 
forward kinematics, the hard subprocess is the exchange 
of two partons (the handbag diagram) and the GPDs 
encode the hadronic part of the amplitude. In the back- 
ward kinematics, the hard subprocess is the exchange of 
three quarks, and N qqqj transition distribution am- 
plitudes (TDAs) replace the GPDs. This picture should 
be valid at large enough values of and W^, and must 
be tested independently in each channel {e.g. backward 
VCS, pp —f 7*7 . . .). In particular, the matrix element of 
the 7*p — > 7p scattering amplitude is predicted to have 
the following asymptotics in the backward direction at 
fixed XB = Q^/iW^-PP + Q^) (not fixed W"^) ^,\EM- 



M 



(3) 



where as is the strong coupling constant. Neglecting 
terms of order M^/VF^, this scaling law is obtained for 
Q^/W^ fixed. Following the Hand convention uti- 
lized in [s^l, the 7*p — > jp differential cross section will 
have the following scaling: 



da 



1 



i-Mr 



2^5 



(4) 
(5) 



This asymptotic scaling law of W predicted for back- 
ward VCS at fixed {Q'^/W'^,u) is different from the W"^^ 
scaling predicted for wide-angle RCS at fixed —t/W'^ Wh - 
A second scaling law applies to backward electroproduc- 
tion, that the ratio of pion electroproduction to photon 
electroproduction should be Q^-independent at large W'^ 
and fixed xb |53| : 



da{'j*p 7p) 
da{'j*p — > TT^p) 



for Or 



(6) 



With the advent of the 12 GeV upgrade to JLab, it will 
be feasible to extend both RCS, VCS, and pion electro- 
production measurements to higher and higher Q^. 
These data can establish empirically the scaling laws of 
the Compton amplitude in these new kinematic domains. 



IV. CONCLUSION 

In summary, the JLab experiment E93-050 studied 
for the first time the H(e, e'p)7 process in the nucleon 
resonance region. This experiment provides a dataset 
of cross sections that is unique at backward angles. For 
W > 1.4: GeV, the BH contribution to photon electro- 
production is small, and the reaction is dominated by 
the VCS process. The VF-dependence of the VCS cross 
section shows resonance phenomena, as observed in 
RCS. Our data allow to compare the sensitivity to the 
various nucleon resonances in two different exit channels, 
7P and i^'^p, namely by studying the Q^-dependence of 
the cross section for the two reactions H(e, e'p)7 and 
H(e, e'p)''''^- The 7-to-7r'' ratio shows strong variations 
with W across the resonance region. At our highest W 
(1.8-1.9 GeV) the comparison with wide-angle RCS may 
suggest that the VCS process undergoes a transition 
to a hard-scattering mechanism at the quark level. 
Therefore the data presented in this paper emphasize 
the interest of exploring a new kinematic domain of 
exclusive electroproduction reactions (high W , high Q^, 
backward angles) in which new conjectures involving the 
fundamental degrees of freedom of QCD could be tested. 
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APPENDIX A: CROSS SECTION TABLES 

This Appendix lists in detail the experimental cross 
section corresponding to the different studies presented 
in the paper. All cross sections are determined at a fixed 
incoming electron energy of 4.032 GeV. Ascii files of the 
tables are available at URL: 

http://clrwww.in2p3.fr /sondem/E93l3564irMes-R^^^ 
or upon request to the authors. Due to the choice of 
method [IjI, the cross section is determined at well- 
defined points in phase space. These kinematic values 
have no error, and the uncertainty is entirely reported 
on the cross section. Error bars are given as r.m.s. 

Tables HI HIl lllll correspond to the study of section lTf 1 Al 
They contain the H(e, e'p)7 five-fold differential cross sec- 
tion d^cr/{dk'i^^ d[rie]io& c^i^^plcm.) at fixed = 1 GeV^, 
for cos 6*;^ = -0.975,-0.875 and -0.650 respectively, 
and six values of 0. A bin is empty if the number of 
events is smaller than 5, or the systematic error very 
large (> 1.5 x d^a). 

Tables IIVI to IVIII correspond to the study of sec- 
tion If 11 Bl They give the measured cross section in 
the most elementary bins, covering the Q^-range [0.43, 
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2.15] GcV2, the W-range [1.45, 1.59] GeV, at fixed 
cos 9*^ or cos6'c.m. = —0.975 and for six bins in 
(j). Tables IIVI and |V] give the five-fold cross section 
d^a/{dk'i^f,d[fle]iabd[Qp\c.m.) for the H(e,e'p)7 process, 
while tables IVII and IVIII give the two-fold cross section 
d^a/d[^lp]c.m. of Eq.[l]for the H(e,e'p)7r'' process. A bin 
is empty if the number of events is smaller than 2. 

Table IVIIII contains the data depicted in Figs. [5] and 
[5l As explained in the text, for the H(e, e'p)'-f process 
this cross section {d^a^) is obtained from the raw data 
of Tables |IV] and |Vl by dividing by the virtual photon 
flux, performing a (model-based) 0-analysis, keeping only 
the (/)-independent term and then grouping three elemen- 
tary bins in W (at 1.51, 1.53 and 1.55 GeV). For the 
H(e,e'p)7r° process this cross section (d^a^o) is obtained 
from the raw data of Table EII] at W = l.b2> GeV, by 



performing only the 0-analysis step. 

Table HXl gives the ratio r = {d^a^) / {d'^a^o) depicted 
in Fig. [71 This table also provides the values of the re- 
duced cross section in the photon electroproduction chan- 
nel corresponding to Fig. [8l Note that in VCS, the con- 
version from d^ a / d[Q.p\c.ui. to da/dt is the following: 

d^cr da 
-TTTT—, ~ —r ' "J ' with: 

d[ilp\c.m. dt 

1 {s-KP^).[AQ^s + {s-Ml-Q^fY 
2tt ' 2s 

where s and t are the Mandelstam variables defined in 
section II Al 
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TABLE I: H(e, e'p)'y cross section (f" a / {dk[^f, d\p,e]iab d[Slp]c.m.) (± statistical ± systematic error) at Q^=1.0 GeV^ and cos 6*i^ — 
-0.975, in fb/(MeV ■ sr^). 



w 

(GeV) 







— 15 












— 45 










<P 


— 75 


o 











— 105 


o 






- 135° 




4' 


= 165° 




0.99 


























231 


it 


84 


it 


101 




200 


± 


70 


it 


77 




243 




oy 




1 OR 
lUo 




288 




oy 




104 


1.01 


14.9 




5.4 


± 


5 


6 


60 


± 


32 




36 




111 


it 


30 


it 


20 




161 


it 


33 


it 


30 








04 




D4 




254 




OD 


_i_ 


45 


1.03 


8.1 




4. 1 


± 


4 


3 


45 


± 


14 




6 




85 


it 


21 


it 


14 




119 


it 


22 


it 


24 








22 




9n 
zu 




152 




22 


_i_ 


33 


1.05 


28.4 




8.3 


± 


4 


7 


41 


± 


13 




15 




77 


it 


17 


it 


23 




114 


it 


19 


it 


23 




11/1 
±14 


It 


19 


It 


15 




83 


± 


15 


It 


62 


1.07 


14.6 




6.8 


± 


4 





57 


± 


14 




9 




59 


it 


13 


it 


13 




104 


it 


17 


it 


18 




94 


-|_ 


15 


_j- 


25 




128 




18 


_|- 


24 


1.09 


29 




10 


± 


4 




39 


± 


11 


± 


10 




71 


it 


14 


it 


9 




68 


it 


12 


it 


10 




Do 




1 1 


_L 


12 




67 


± 


12 


_L 


24 


1.11 


14.4 




6.4 


± 


5 





34 


± 


10 


it 


2 




66 


it 


12 


it 


9 




97 


it 


14 


it 


11 




1 nQ 




1 p. 

ID 




Q 

y 




71 


it 


1 

lo 




18 


1.13 


36 




11 


± 


7 




46 


± 


10 


it 


7 




59 


it 


11 


it 


15 




75 


it 


13 


it 


8 








1 ^ 
10 




1 7 
1 / 




69 


± 


1 ^ 

10 




3 


1.15 


30 




9 


± 


15 




82 


± 


14 


it 


15 




95 


it 


15 


it 


9 




79 


it 


14 


it 


14 




125 




9n 
zu 


_1_ 


A ^ 
4o 




105 




1 R 
1(5 


_1_ 


27 


1.17 


54 




12 


± 


9 




103 


± 


16 


it 


8 




104 


it 


17 


it 


12 




124 


± 


17 


it 


9 




180 


It 


22 


It 


9/t 
Z4 




168 


± 


22 


It 


10 


1.19 


94 




16 


± 


7 




118 


± 


17 


it 


13 




135 


it 


17 


it 


13 




154 


it 


18 


it 


23 




1 /t 1^ 




1 Q 

ly 


_l_ 


14 




178 


± 


24 


_L 


15 


1.21 


119 


± 


18 


± 


17 




117 


± 


17 


it 


20 




167 


it 


18 


it 


9 




119 


it 


15 


it 


10 




lOO 




2 1 


_l_ 


p. 
D 




144 


± 


24 




20 


1.23 


111 




16 


± 


13 




108 


± 


15 


it 


18 




102 


it 


13 


it 


11 




141 


it 


16 


it 


8 




1 n7 

lU 1 




1 7 
1 / 


_l_ 


1 R 

lo 




83 




1 ^ 

10 


_l_ 


14 


1.25 


51 




11 




12 




78 


± 


12 


it 


11 




94 


it 


12 


it 


11 




74 


it 


13 


it 


10 




SI 
51 




1 1 


_l_ 


p. 
D 




96 




12 


_l_ 


10 


1.27 


41.3 




9.2 


± 


7 


1 


51.5 


± 


9.3 


it 


6 


3 


48. 1 


it 


9.8 


± 


6 


9 


64.4 


it 


9.5 


it 


4 


1 


61 4 




c5.0 


_|_ 




Q 

o 


47.1 




R n 


_|_ 


5.9 


1.29 


45.2 




7.9 


± 


4 


5 


40.3 


± 


7.6 


it 


7 


1 


42.1 


it 


7.6 


± 


3 


6 


40.1 


it 


5.5 


it 


3 


9 


43.0 


It 


6.4 


_|_ 
It 


3 


6 


35.0 


± 


8.2 


_|_ 
It 


5.0 


1.31 


29 




7 


± 


15 




18.0 


± 


5.9 


it 


5 


4 


42.3 


it 


6.0 


± 


2 


4 


37.0 


it 


5.0 


it 


3 


1 


41 4 




7 7 


_|_ 


r> 
O 





43 


± 


1 1 


_l_ 


7 


1.33 


41 




8 


± 


10 




33.0 


± 


6.1 


it 


3 


1 


39.7 


it 


4.8 


± 


3 


2 


31.1 


it 


5.1 


it 


3 


4 


Zo.o 




R n 


_|_ 


D 





20.9 


± 


R P. 
O.D 


_|_ 


1.4 


1.35 


19.9 




4.8 


± 


4 


4 


21.2 


± 


4.2 


it 


4 


4 


30.2 


it 


4.0 


± 


2 


1 


35.1 


it 


6.6 


it 


6 


7 


97 1 
Z i . 1 




o.o 


_|_ 


o 
o 


n 


23.9 




R R 
o.o 


_|_ 


5.4 


1.37 


17.5 




4. 1 


± 


4 


3 


21.6 


± 


3.7 


it 


2 


1 


30.5 


it 


4.6 


± 


2 


4 


11.8 


it 


5.0 


it 


9 


5 


24 4 




7 T 
/ .O 


_|_ 


2 




22.5 




y .D 


_|_ 


8.2 


1.39 


18.0 




3.8 


± 


3 


1 


24.2 


± 


3.9 


it 


4 





18.5 


it 


4.7 


it 


4 


4 


23.5 


it 


5.8 


it 


4 


8 


9Q 1 

zy . 1 




R ^ 
O.O 


_|_ 


D 


Q 
O 


33 




1 1 


_(_ 


3 


1.41 


23.0 




4.3 


± 


1 


3 


20.3 


± 


4.2 


it 


2 





19.8 


it 


5.1 


it 


4 


8 


31.8 


it 


6.2 


it 


5 


1 


9/1 7 


It 


7 e 


_|_ 
It 


3 


6 


32 


± 


10 


It 


4 


1.43 


23.9 




4.8 


± 


2 


3 


20.8 


± 


5.0 


it 


5 


3 


16.8 


it 


4.5 


± 


3 





21.6 


it 


5.6 


it 


2 


4 


OO. / 




R n 


_|_ 




7 


27.0 


± 


R 1^ 
O.O 


_|_ 


5.5 


1.45 


15.6 




4.9 


± 


4 


1 


24.8 


± 


6.1 


it 


3 


2 


30.8 


it 


5.8 


± 


2 


2 


33.4 


it 


6.6 


it 


4 


5 


36 7 


-|_ 


7 3 


-|- 




■y 


45 




10 


_{- 


6 


1.47 


34.3 




7.4 


± 


2 


9 


33.8 


± 


6.5 


it 


3 


6 


37.0 


it 


6.2 


± 


2 


3 


37.5 


it 


6.0 


it 


4 


9 


44 8 




R n 


_|_ 


D 


n 
u 


39 




1 n 

lU 


_L 


4 


1.49 


41.5 




7.8 


± 


4 





41.5 


± 


6.8 


it 


4 


2 


45.5 


it 


6.3 


± 


8 


8 


45.4 


it 


5.9 


it 


7 





U4 




O 

y 


_|_ 


1 n 

lU 




67 




1 1 


_1_ 


10 


1.51 


36.5 




6.7 


± 


4 


6 


36.6 


± 


6.1 


it 


4 





48.6 


it 


5.6 


it 


5 


9 


50.8 


it 


6.1 


it 


5 


8 


/17 fi 
4 / .0 




7 /I 
( .4 


_|_ 





2 


85 




1 1 


_1_ 


11 


1.53 


39.8 




6.7 


± 


4 


7 


39.9 


± 


6.0 


it 


5 


4 


37.0 


it 


4.9 


± 


4 


6 


42.4 


it 


5.6 


it 


4 


5 


39.9 


It 


6.2 


_|_ 
It 


3 


( 


50.4 


± 


8.7 


_|_ 
It 


6.3 


1.55 


37.1 




6.3 


± 


2 


5 


31.4 


± 


4.8 


it 


3 


9 


26.8 


it 


4.0 


± 


4 


6 


39.0 


it 


4.9 


it 


3 


6 


f^7 S 




7 n 


_|_ 





2 


61 


± 


1 n 

lU 


_1_ 


7 


1.57 


15.6 




3.9 


± 


3 


8 


19.7 


± 


3.8 


it 


3 


5 


32.7 


it 


4.1 


± 


2 


8 


36.8 


it 


4.3 


it 


3 


2 


41 .0 




fi Q 

D.y 


_|_ 




o 


31 


± 


Q 

y 


_|_ 


10 


1.59 


18.5 




3.9 


± 


1 


3 


30.0 


± 


4.2 


it 


3 


1 


31.5 


it 


3.8 


it 


3 


5 


40.1 


it 


4.7 


it 


4 


7 


97 H 
Z ( .O 




0.4 


_|_ 





n 


26.0 




7 9 
/ .Z 


_|_ 


8.9 


1.61 


18.1 




3.7 


± 


3 


4 


21.7 


± 


3.7 


it 


3 


5 


28.9 


it 


3.5 


it 


3 


7 


23.8 


it 


4.5 


it 


3 


5 


1 H 
Ol .O 




^ Q 

o.y 


_|_ 


2 




26.2 




D.4 


_|_ 


4.0 


1.63 


19.0 




4.0 


± 


2 


2 


26.4 


± 


3.8 


it 


1 


8 


29.4 


it 


3.8 


it 


2 


6 


27.0 


it 


4.4 


it 


4 


3 


■^9 R 
OZ.D 




^ 9 

o.z 


_|_ 




2 


35.8 




fi 7 
D. 1 


_|_ 


2.7 


1.65 


20.4 




4.1 


± 


3 


3 


25.1 


± 


3.7 


it 


2 


2 


22.3 


it 


3.6 


it 


3 


8 


29.2 


it 


3.8 


it 


2 


4 


39.5 


It 


5.6 


_|_ 
It 


5 





36.8 


± 


7 ^ 
( .0 


_|_ 
It 


6.8 


1.67 


17.7 




3.6 


± 


3 


4 


16.2 


± 


3.2 


it 


1 


6 


26.1 


it 


3.5 


± 


2 


2 


18.8 


it 


3.1 


it 


2 


4 


1 7 n 

1 / .U 




o.o 


_|_ 




7 


19.7 


± 


R T 

O.O 


_|_ 


3.2 


1.69 


10.8 




3.2 


± 


2 


6 


16.2 


± 


3.4 


it 


3 


6 


21.5 


it 


3.0 


it 


4 


5 


16.0 


it 


3.6 


it 


2 


9 


1 

Ol 




1 'i 

lO 


_l_ 


9f; 

ZD 




22 


± 


14 


_l_ 


9 


1.71 


13.1 




3.7 


± 


3 


8 


13.3 


± 


3.1 


it 


1 


5 


14. 1 


it 


2.6 


it 


3 


5 


8.9 


± 


4.3 


it 


1 


9 


1 fi s 
lD.c5 




O.D 


_|_ 


2 


O 


9.5 




o.U 


_|_ 


2.5 


1.73 


3.4 




2.4 


± 


3 





6.2 


± 


2.4 


it 


4 


5 


8.4 


it 


2.8 


it 


2 





14.4 


± 


3.6 


it 


2 





1 fi 7 
ID. / 




0.4 


_|_ 


rj 

o 




14.3 




7 
O. 1 


_|_ 


2.3 


1.75 


17.2 




3.5 


± 


2 





6.5 


± 


2.5 


it 


1 


9 


11.1 


it 


3.3 


it 


1 


3 


10.3 


it 


2.2 


it 


2 


6 


R 7 
D. / 




2 4 


_|_ 




O 


8.2 




o.U 


_|_ 


1.4 


1.77 


4.2 


± 


2.9 


± 


5 


4 


5.1 


± 


2.5 


it 





9 


7.1 


it 


2.2 


± 


1 


7 


8.0 


± 


1.7 


it 


1 





8.0 


± 


2.4 


± 


2 


3 


11.6 


± 


3.4 


± 


1.6 


1.79 


5.6 


± 


2.6 


± 


3 


3 


9.6 


± 


2.6 


it 


1 


8 


7.0 


it 


1.6 


it 


1 


8 


8.4 


± 


1.7 


it 





8 


3.7 


± 


4.0 


± 


3 


5 


4.6 


± 


4.0 


± 


3.5 


1.81 


4.9 


± 


2.0 


± 


2 





8.8 


± 


2.0 


± 





9 


7.9 


± 


1.5 


it 





8 


13.6 


± 


2.2 


± 


3 


1 


19 


± 


9 


± 


10 




18.6 


± 


9.3 


± 


9.8 


1.83 


8.2 


± 


1.9 


± 


1 


1 


5.7 


± 


1.6 


± 


1 


1 


7.7 


± 


1.6 


it 





9 


5.6 


± 


3.1 


± 


5 


1 


4.9 


± 


3.6 


± 


2 


1 


7.1 


± 


4.3 


± 


2.8 


1.85 


4.6 


± 


1.7 


± 





9 


8.4 


± 


1.8 


± 


1 


5 


5.6 


± 


1.8 


it 


1 


7 


7.3 


± 


2.4 


± 


1 


1 


9.2 


± 


2.7 


± 


1 





8.3 


± 


3.2 


± 


2.2 


1.87 


4.6 


± 


1.9 


± 


1 


2 


4.8 


± 


2.1 


± 


1 


2 


5.4 


± 


2.0 


± 


1 


6 


6.4 


± 


1.8 


± 





8 


7.1 


± 


2.3 


± 


2 


3 


6.6 


± 


2.9 


± 


1.4 


1.89 


11 




4 


± 


11 




8.7 


± 


2.6 


± 


2 


2 


8.2 


± 


1.8 


± 





9 


5.8 


± 


1.6 


± 


1 





13.5 


± 


2.9 


± 


2 


8 


7.8 


± 


3.6 


± 


1.9 


1.91 


10.1 




2.6 


± 


1 


9 


4.2 


± 


2.7 


± 


1 


8 


5.0 


± 


1.4 


± 


1 


2 


7.3 


± 


1.8 


± 


1 


8 


5.7 


± 


3.7 


± 


1 


8 


10.0 


± 


5.9 


± 


3.9 


1.93 


1.4 


± 


1.7 


± 


1 


9 


1.5 


± 


1.4 


± 


1 


8 


3.2 


± 


1.4 


± 


1 


2 


2.5 


± 


2.2 


± 


1 


8 
























1.95 


5.2 


± 


1.8 


± 


1 


9 


2.8 


± 


1.5 


± 


1 


8 


2.8 


± 


1.7 


± 


1 


2 




































1.97 


3.3 


± 


2.1 


± 


1 


9 


6.4 


± 


2.4 


± 


1 


8 

















































12 



G. Laveissiere et al., Virtual Compton Scattering and Neutral Pion Electroproduction ... 



TABLE 11: H(e,e'p)7 cross section (f'a/{dk'i^ijd[Q,e]iab d[Q,p]c.m.) (± statistical ± systematic error) at Q^ — 1.0 GeV'^ and 
cose*-, = -0.875, in fb/(MeV ■ sr^). 
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7 












1.29 


35 


± 


11 


± 


5 




41 


± 


10 


± 


9 




47 


lb 


10 


lb 


4 




70.0 


± 


9.4 


± 


4 


7 


58 


± 


19 


± 


7 












1.31 


29 


± 


10 


± 


5 




51 


± 


10 


± 


5 




49.2 


1 


9.0 


it 


3 


1 


58.3 


± 


8.8 


± 


3 


7 






















1.33 


29.3 


± 


8.5 


± 


2 


5 


44 


± 


10 


± 


4 




35.0 


1 


6.6 


it 


4 


3 


39.8 


± 


8.8 


± 


2 


7 






















1.35 


10.4 


± 


5.0 


± 


7 


7 


28.9 


± 


9.7 


± 


4 


6 


31.2 


1 


5.4 


1 

it 


3 


3 


43 


± 


11 


± 


10 




52 


± 


19 


± 


22 












1.37 


24.0 


± 


9.9 


± 


5 


9 


57 


± 


12 


± 


4 




45.0 


1 


6.3 


1 

it 


4 


1 


38 


± 


12 


± 


4 




24 


± 


18 


± 


7 












1.39 














42.1 


± 


7.5 


± 


7 


4 


35.9 


1 


6.2 


it 


2 


3 


31 


± 


10 


± 


6 
























1.41 


12 


± 


10 


± 


13 




21.3 


± 


4.8 


± 


7 


8 


30.8 


lb 


6.9 


lb 


1 


8 


18.0 


± 


9.1 


± 


4 


1 


69 


± 


37 


± 


8 












1.43 


28.6 


± 


8.0 


± 


6 


1 


32.1 


± 


5.7 


± 


4 


2 


27.6 


1 


8.0 


1 

it 


6 


6 


25 


± 


11 


± 


6 




48 


± 


21 


± 


12 












1.45 


27.8 


± 


6.5 


± 


4 





36.9 


± 


7.3 


± 


8 


8 


31.3 


It 


8.6 


It 


5 


5 


11 


± 


8 


± 


10 
























1.47 














44 


± 


11 


± 


8 




25 


1 

it 


7 


1 

it 


10 




49 


± 


12 


± 


9 
























1.49 














47 


± 


14 


± 


14 




46 


=b 


10 


± 


6 




70 


± 


14 


± 


8 
























1.51 














38 


± 


10 


± 


6 




57 


lb 


10 


lb 


5 




50 


± 


12 


± 


16 
























1.53 














40 


± 


11 


± 


6 




53 


lb 


10 


lb 


3 




37 


± 


10 


± 


12 
























1.55 














30 


± 


13 


± 


16 




45.2 


lb 


8.4 


lb 


2 


6 


42 


± 


10 


± 


6 
























1.57 


























36.7 


lb 


7.8 


lb 


6 


8 


59 


± 


12 


± 


5 
























1.59 














15.5 


± 


7.3 


± 


9 


9 


22.1 


lb 


6.7 


lb 


3 


6 


37 


± 


12 


± 


4 
























1.61 














12.8 


± 


6.7 


± 


6 


5 


28.4 


lb 


7.4 


lb 


3 


3 


30 


± 


11 


± 


3 
























1.63 


























47.3 


lb 


9.1 


lb 


4 


3 


32 


± 


12 


± 


6 
























1.65 


























48.9 


lb 


9.7 


lb 


6 





27 


± 


14 


± 


5 
























1.67 


























18.1 


lb 


7.4 


lb 


7 


1 


47 


± 


13 


± 


15 
























1.69 


























12.6 


lb 


9.1 


lb 


9 


4 
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TABLE III: H(e,e'p)7 cross section d^a/(dfc;'„,, d[S7e];ai, d[f2p]c.in.) (± statistical ± systematic error) at Q2 = 1.0 GeV^ and 
cose*-, = -0.650, in fb/(MeV ■ sr^). 



w 

(GeV) 






= 15° 






tj, = 45° 


0- 75° 






105 


O 




= 135° 


(p - 165° 


0.99 






















554 


i 


216 


1 


88 


452 


± 


90 


± 


38 


454 


1 


64 


1 


23 


340 


it 


49 lb 


26 


1.01 


4710 


± 


1720 


± 


565 


1400 


lb 


552 


i 


135 


380 




87 


1 


71 


286 


± 


46 


± 


17 


213 


1 


30 


1 


16 


274 


1 

it 


oi it 


17 


1.03 


2760 


± 


1140 


± 


430 


237 


1 

± 


109 


i 


55 


270 


di 


50 


1 


18 


195 


± 


28 


± 


16 


234 


1 


27 


1 


12 


205 


1 

it 


Zo ± 


1 1 


1.05 












277 


1 

± 


94 


1 


63 


234 


i 


41 


1 


12 


211 


± 


27 


± 


16 


167 


1 


22 


1 


14 


173 


1 

it 


22 i 


9 


1.07 












65 


1 

± 


36 


± 


19 


183 


i 


29 


1 


8 


161 


± 


21 


± 


10 


140 


1 


18 


1 

it 


1 1 


142 


1 

it 


in J- 
19 it 


20 


1.09 












266 


1 

± 


59 


± 


12 


153 


1 


24 


1 


9 


169 


± 


20 


± 


9 


139 


1 


19 


1 

it 


10 


97 


1 

it 


it 


101 


1.11 












189 


1 

± 


4:4: 


± 


18 


139 


i 


21 


1 


5 


108 


± 


15 


± 


7 


152 


1 


26 


1 

it 


41 










1.13 


462 


± 


181 


± 


270 


195 


1 

± 


41 


± 


9 


113 


i 


17 


1 


5 


123 


± 


18 


± 


7 




















1.15 


131 


± 


69 


± 


97 


92 


1 

± 


26 


± 


9 


102 


i 


15 


1 

it 


5 


125 


± 


20 


± 


11 


128 


1 


27 


1 

it 


169 










1.17 


134 


± 


57 


± 


65 


132 


1 

± 


27 


± 


13 


95 


1 


15 


1 


10 


135 


± 


21 


± 


15 




















1.19 


196 


± 


52 


± 


3 


107 


± 


22 


1 


24 


168 


lb 


20 


1 


5 


152 


± 


22 


± 


27 




















1.21 












154 


± 


25 


1 

± 


22 


153 


lb 


18 


1 


14 


125 


± 


21 


± 


17 




















1.23 












104 


± 


19 


± 


16 


132 


± 


17 


=b 


10 


87 


± 


21 


± 


10 




















1.25 












108 


± 


19 


± 


12 


76 


± 


13 


lb 


12 


50 


± 


15 


± 


59 




















1.27 












107 


± 


20 


± 


11 


103 


± 


15 


lb 


15 


85 


± 


16 


± 


73 




















1.29 












51 


± 


17 


± 


6 


79 


± 


15 


lb 


15 


43 


± 


10 


± 


12 




















1.31 












77 


± 


19 


± 


23 


69 


± 


13 


lb 


14 


68 


± 


14 


± 


32 




















1.33 












60 


± 


16 


± 


16 


42 


± 


10 


lb 


15 


54 


± 


15 


± 


42 




















1.35 












62 


± 


16 


± 


4 


65 


± 


11 


lb 


3 






























1.37 












59 


± 


18 


± 


11 


29 


± 


7 


± 


16 






























1.39 






















43 


± 


8 


± 


25 






























1.41 






















45 


± 


10 


lb 


23 






























1.43 






















36 




11 


lb 


18 
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TABLE IV: H(e,e'p)7 cross section d^a /{dk'i^^ d[Qe]iab d[Qp]c.m.) (± statistical error) at cos6'*^ = -0.975 and W = 1.45, 1.47, 
1.49, 1.51 GeV, in fb/(MeV ■ sr^). The systematic error is globally ± 12% on each point. 



w 




4' 


= 15° 






= 45 


O 





= 75 


O 





= 105 


O 





= 135 


O 





= 165 


O 


(GeV) 


(GcV^) 






































1.45 


0.700 
































153 


± 


61 


1.45 


0.875 


58 


± 


47 


49 


± 


24 


43 


± 


17 


124 


± 


46 














1.45 


0.925 








17 


± 


12 


26 


± 


12 


98 


± 


43 














1.45 


0.975 


34 


± 


17 


16.2 


± 


9.8 


30 


± 


11 


137 


± 


102 














1.45 


1.025 








33 


± 


16 


49 


± 


17 


12.6 


± 


9.3 


35 


± 


12 


62 


± 


19 


1.45 


1.075 




















28.4 


± 


9.7 


31.1 


± 


9.3 


18 


± 


10 


1.45 


1.125 




















19.8 


± 


8.4 


15.1 


± 


7.7 


24 


± 


13 


1.45 


2.150 














9.5 


± 


5.6 


2.3 


± 


1.2 


2.9 


± 


1.2 


2.0 


± 


1.4 


1.47 


0.633 




















1040 


± 


909 


119 


± 


117 








1.47 


0.700 




















84 


± 


79 


145 


± 


38 


72 


± 


36 


1.47 


0.767 
































156 


± 


95 


1.47 


0.875 


31 


± 


24 


60 


± 


18 


49 


± 


17 




















1.47 


0.925 


73 


± 


21 


46 


± 


14 


48 


± 


18 




















1.47 


0.975 


40 


± 


19 


19 


± 


10 


44 


± 


22 


61 


± 


17 


48 


± 


17 


29 


± 


19 


1.47 


1.025 














40 


± 


17 


28.6 


± 


9.4 


37 


± 


11 


46 


± 


19 


1.47 


1.075 


154 


± 


111 








63 


± 


21 


27.5 


± 


8.7 


22 


± 


10 


34 


± 


18 


1.47 


1.125 














22 


± 


13 


14.1 


± 


7.0 


46 


± 


16 


25 


± 


19 


1.47 


2.050 




















3.5 


± 


1.6 


1.7 


± 


1.1 


4.1 


± 


2.4 


1.47 


2.150 














2.0 


± 


1.5 


2.2 


± 


1.1 


2.2 


± 


1.6 


2.4 


± 


1.5 


1.49 


0.567 


























3280 


± 


2850 


2500 


± 


2110 


1.49 


0.633 




















335 


± 


75 


124 


± 


46 


169 


± 


61 


1.49 


0.700 




















140 


± 


46 


82 


± 


31 


98 


± 


45 


1.49 


0.767 




















124 


± 


92 


144 


± 


75 


108 


± 


112 


1.49 


0.875 


39 


± 


15 


83 


± 


18 


51 


± 


26 




















1.49 


0.925 


89 


± 


23 


56 


± 


17 


76 


± 


23 


44 


± 


17 


63 


± 


28 


86 


± 


43 


1.49 


0.975 


66 


± 


37 


77 


± 


36 


44 


± 


14 


40 


± 


11 


25 


± 


14 


29 


± 


23 


1.49 


1.025 


95 


± 


51 


26 


± 


21 


68 


± 


15 


41 


± 


10 


63 


± 


21 


30 


± 


24 


1.49 


1.075 








42 


± 


24 


46 


± 


12 


40 


± 


10 


21 


± 


19 


57 


± 


27 


1.49 


1.125 














24 


± 


11 


8.0 


± 


8.1 


42 


± 


11 


51 


± 


10 


1.49 


1.950 














24 


± 


14 


6.2 


± 


4.4 








5.8 


± 


3.5 


1.49 


2.050 








8.2 


± 


5.9 


2.2 


± 


1.4 


2.2 


± 


1.1 


5.1 


± 


1.6 


3.1 


± 


1.5 


1.49 


2.150 








9.1 


± 


6.5 


2.8 


± 


1.4 


2.5 


± 


1.8 














1.51 


0.567 








488 


± 


318 


370 


± 


137 


151 


± 


77 


332 


± 


126 


465 


± 


267 


1.51 


0.633 








483 


± 


379 


129 


± 


82 


207 


± 


39 


204 


± 


53 


171 


± 


74 


1.51 


0.700 














159 


± 


145 


88 


± 


29 


150 


± 


46 


112 


± 


65 


1.51 


0.767 




















98 


± 


80 


227 


± 


157 


808 


± 


674 


1.51 


0.875 


55 


± 


15 


26 


± 


11 


42 


± 


24 


99 


± 


31 














1.51 


0.925 


33 


± 


19 


56 


± 


19 


35 


± 


12 


49 


± 


14 


55 


± 


33 


277 


± 


104 


1.51 


0.975 


54 


± 


25 


59 


± 


20 


76 


± 


14 


64 


± 


16 


50 


± 


35 


106 


± 


73 


1.51 


1.025 








25 


± 


13 


36.9 


± 


9.8 


34 


± 


13 














1.51 


1.075 


128 


± 


66 


54 


± 


22 


30 


± 


10 


55 


± 


13 


27.3 


± 


8.5 


68 


± 


13 


1.51 


1.125 














62 


± 


36 


13.4 


± 


7.6 


42.6 


± 


8.6 


52 


± 


10 


1.51 


1.950 




















4.2 


± 


1.8 


8.4 


± 


2.6 


2.5 


± 


1.6 


1.51 


2.050 














5.3 


± 


1.7 


4.1 


± 


1.4 


2.0 


± 


1.2 


3.3 


± 


2.2 


1.51 


2.150 


9.1 


± 


6.6 














5.2 


± 


3.1 
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TABLE V: H(e,e'p)7 cross section cf'a/{dk'i^i,d[Qe]iabd[Qp]c.in.) (± statistical error) at cos6'*.^ — —0.975 and W — 1.53, 1.55, 
1.57, 1.59 GeV, in fb/(MeV • sr^). The systematic error is globally ± 12% on each point. 



w 




4' 


= 15 


O 


<P 


= 45 


O 


<P 


= 75 


O 





= 105 


O 


4' 


= 135 


O 





= 165 


O 


(GeV) 


(GcV^) 






































1.53 


0.500 


405 


± 


383 


449 


± 


312 


346 


± 


199 


907 


± 


472 














1.53 


0.567 


50 


± 


95 


145 


± 


91 


68 


± 


43 


146 


± 


45 


382 


± 


134 


258 


± 


173 


1.53 


0.633 








192 


± 


135 


165 


± 


45 


117 


± 


33 


103 


± 


66 


461 


± 


165 


1.53 


0.700 








361 


± 


304 


62 


± 


56 


87 


± 


33 


170 


± 


94 


260 


± 


164 


1.53 


0.875 


70 


± 


17 


63 


± 


17 


55 


± 


16 


64 


± 


25 














1.53 


0.925 


56 


± 


20 


10.1 


± 


9.1 


38 


± 


11 


31 


± 


18 














1.53 


0.975 


33 


± 


14 


81 


± 


17 


30.9 


± 


9.3 


67 


± 


27 








95 


± 


70 


1.53 


1.025 


26 


± 


14 


31 


± 


12 


49 


± 


12 


42 


± 


12 


52 


± 


12 


46 


± 


14 


1.53 


1.075 








81 


± 


58 


47 


± 


24 


40.0 


± 


9.2 


17.0 


± 


6.2 


22.4 


± 


8.8 


1.53 


1.125 




















15.0 


± 


6.2 


17.4 


± 


6.3 


36 


± 


11 


1.53 


1.850 




















11.2 


± 


7.2 














1.53 


1.950 








4.3 


± 


2.7 


2.9 


± 


1.4 


4.5 


± 


1.6 


3.0 


± 


1.6 


2.6 


± 


1.9 


1.53 


2.050 














3.3 


± 


1.3 


1.5 


± 


0.9 














1.53 


2.150 


7.2 


± 


5.1 


3.8 


± 


2.3 








4.6 


± 


3.3 














1.55 


0.500 


315 


± 


181 


290 


± 


144 


235 


± 


69 


236 


± 


126 














1.55 


0.567 


221 


± 


75 


268 


± 


69 


170 


± 


39 


261 


± 


63 


621 


± 


511 


2290 


± 


1550 


1.55 


0.633 


137 


± 


129 


171 


± 


69 


75 


± 


30 


100 


± 


43 


588 


± 


401 








1.55 


0.700 














123 


± 


116 


77 


± 


104 














1.55 


0.875 


48 


± 


16 


50 


± 


13 


28 


± 


10 


99 


± 


75 














1.55 


0.925 


54 


± 


15 


36 


± 


10 


45 


± 


12 




















1.55 


0.975 


39 


± 


14 


30 


± 


10 


20.8 


± 


8.8 


37 


± 


11 


57 


± 


14 


54 


± 


18 


1.55 


1.025 


147 


± 


71 


48 


± 


23 


10.9 


± 


7.2 


41.3 


± 


8.8 


48 


± 


10 


80 


± 


18 


1.55 


1.075 








63 


± 


44 


46 


± 


15 


31.6 


± 


7.6 


61 


± 


12 


27 


± 


13 


1.55 


1.125 














19 


± 


10 


20.1 


± 


6.3 


22.5 


± 


9.1 


29 


± 


16 


1.55 


1.850 














9.3 


± 


6.6 


6.6 


± 


3.1 














1.55 


1.950 








2.3 


± 


1.4 


1.2 


± 


0.7 


2.0 


± 


1.0 


6.0 


± 


4.3 








1.55 


2.050 








2.0 


± 


1.1 


4.5 


± 


1.5 


2.6 


± 


1.6 














1.57 


0.500 


257 


± 


78 


146 


± 


57 


400 


± 


69 




















1.57 


0.567 


97 


± 


79 


155 


± 


47 


191 


± 


38 




















1.57 


0.633 


146 


± 


142 


101 


± 


85 


37 


± 


35 


476 


± 


247 














1.57 


0.875 


30 


± 


10 


30.6 


± 


9.4 


49 


± 


15 




















1.57 


0.925 


25.3 


± 


9.9 


40 


± 


10 


36 


± 


12 


50 


± 


14 


52 


± 


18 


37 


± 


26 


1.57 


0.975 


46 


± 


28 


36 


± 


19 


36 


± 


10 


39.1 


± 


8.8 


44 


± 


13 


45 


± 


21 


1.57 


1.025 


65 


± 


46 








26.4 


± 


8.5 


25.5 


± 


7.1 


17 


± 


10 


27 


± 


18 


1.57 


1.075 








34 


± 


17 


21.8 


± 


7.5 


39.9 


± 


8.8 


29 


± 


13 


22 


± 


21 


1.57 


1.125 














20.5 


± 


7.9 


18.8 


± 


7.2 


37 


± 


16 


21 


± 


14 


1.57 


1.850 








3.1 


± 


2.3 


1.8 


± 


1.2 


5.4 


± 


3.3 


13.5 


± 


9.7 








1.57 


1.950 


2.4 


± 


1.3 


3.0 


± 


1.2 


4.7 


± 


1.5 


3.4 


± 


1.8 














1.57 


2.050 














2.3 


± 


1.4 




















1.59 


0.433 








121 


± 


177 


440 


± 


410 




















1.59 


0.500 


118 


± 


58 


141 


± 


48 


187 


± 


73 




















1.59 


0.567 


117 


± 


63 


64 


± 


38 


173 


± 


56 




















1.59 


0.633 








6070 


± 


6330 


























1.59 


0.875 


26.6 


± 


8.2 


37.4 


± 


9.0 


45 


± 


16 


49 


± 


18 


93 


± 


45 


156 


± 


129 


1.59 


0.925 


74 


± 


23 


46 


± 


13 


26.1 


± 


9.3 


53 


± 


12 


14 


± 


14 


108 


± 


78 


1.59 


0.975 


33 


± 


22 


30 


± 


12 


27.9 


± 


7.8 


35.1 


± 


9.3 


32 


± 


30 


54 


± 


42 


1.59 


1.025 


21 


± 


18 


32 


± 


11 


29.1 


± 


7.5 


44 


± 


10 














1.59 


1.075 


23 


± 


14 


34 


± 


14 


30.0 


± 


7.7 


38 


± 


11 


60 


± 


24 


29 


± 


14 


1.59 


1.125 














56 


± 


22 


16 


± 


11 


18.8 


± 


6.3 


12.2 


± 


5.5 


1.59 


1.850 








2.0 


± 


1.3 


1.7 


± 


1.0 


5.8 


± 


2.6 














1.59 


1.950 








2.5 


± 


1.5 


2.0 


± 


1.5 
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TABLE VI: H(e,e'p)7r° two-fold cross section d^cr/d[np]c.m. (± statistical error) at cos6lc.m. = -0.975 and W = 1.45, 1.47, 
1.49, 1.51 GeV, in nb/sr. The systematic error is globally ± 4% on each point. 



w 






p=15 


O 




/- = 45 


O 


q 


i = 75° 






i = 105 


O 


<) 


i = 135 


O 


4 


= 165 


O 


(GeV) 


(GeV^) 






































1.45 


0.700 


























788 


± 


498 


289 


± 


158 


1.45 


0.767 


























407 


± 


120 


590 


± 


148 


1.45 


0.875 


120 


± 


28 


105 


± 


23 


268 


± 


34 


167 


± 


51 














1.45 


0.925 


105 


± 


16 


134 


± 


16 


201 


± 


18 


355 


± 


51 


771 


± 


497 


561 


± 


445 


1.45 


0.975 


128 


± 


17 


154 


± 


15 


239 


± 


19 


230 


± 


56 


1360 


± 


1090 








1.45 


1.025 


184 


± 


22 


144 


± 


16 


252 


± 


22 


167 


± 


48 


327 


± 


77 


532 


± 


113 


1.45 


1.075 


177 


± 


33 


195 


± 


26 


210 


± 


25 


266 


± 


24 


395 


± 


30 


423 


± 


38 


1.45 


1.125 


150 


± 


102 


157 


± 


82 


246 


± 


48 


315 


± 


24 


382 


± 


28 


461 


± 


42 


1.45 


2.050 
































267 


± 


186 


1.45 


2.150 








314 


± 


146 


103 


± 


26 


91 


± 


16 


130 


± 


18 


164 


± 


21 


1.45 


2.250 




















124 


± 


49 


71 


± 


35 


96 


± 


44 


1.47 


0.700 




















497 


± 


87 


525 


± 


43 


663 


± 


51 


1.47 


0.767 




















272 


± 


95 


475 


± 


63 


653 


± 


91 


1.47 


0.875 


209 


± 


23 


166 


± 


17 


209 


± 


21 


483 


± 


308 














1.47 


0.925 


120 


± 


15 


167 


± 


15 


236 


± 


23 


918 


± 


770 














1.47 


0.975 


174 


± 


19 


220 


± 


19 


257 


± 


28 


194 


± 


84 


402 


± 


104 


299 


± 


104 


1.47 


1.025 


154 


± 


22 


235 


± 


23 


225 


± 


23 


334 


± 


26 


411 


± 


34 


523 


± 


53 


1.47 


1.075 


138 


± 


51 


179 


± 


41 


229 


± 


25 


295 


± 


20 


439 


± 


31 


642 


± 


59 


1.47 


1.125 


84 


± 


66 


191 


± 


50 


223 


± 


26 


320 


± 


23 


502 


± 


44 


523 


± 


66 


1.47 


2.050 














33 


± 


19 


94 


± 


24 


206 


± 


35 


178 


± 


32 


1.47 


2.150 


35 


± 


21 


78 


± 


24 


65 


± 


12 


134 


± 


15 


165 


± 


18 


189 


± 


23 


1.47 


2.250 














108 


± 


68 


447 


± 


209 


102 


± 


73 








1.49 


0.633 




















530 


± 


69 


667 


± 


66 


802 


± 


88 


1.49 


0.700 




















528 


± 


35 


605 


± 


30 


695 


± 


43 


1.49 


0.767 




















451 


± 


74 


488 


± 


65 


440 


± 


95 


1.49 


0.875 


164 


± 


15 


198 


± 


16 


283 


± 


33 




















1.49 


0.925 


145 


± 


15 


209 


± 


18 


260 


± 


39 


344 


± 


109 


969 


± 


270 


436 


± 


201 


1.49 


0.975 


145 


± 


17 


230 


± 


20 


231 


± 


22 


363 


± 


27 


510 


± 


51 


544 


± 


77 


1.49 


1.025 


146 


± 


31 


155 


± 


24 


272 


± 


20 


327 


± 


21 


485 


± 


44 


437 


± 


64 


1.49 


1.075 


132 


± 


33 


151 


± 


27 


245 


± 


19 


354 


± 


23 


351 


± 


44 


460 


± 


80 


1.49 


1.125 


128 


± 


33 


133 


± 


26 


248 


± 


22 


375 


± 


29 


427 


± 


55 


304 


± 


50 


1.49 


1.950 


























543 


± 


324 








1.49 


2.050 








52 


± 


19 


70 


± 


13 


98 


± 


13 


145 


± 


17 


218 


± 


25 


1.49 


2.150 


34 


± 


15 


68 


± 


16 


88 


± 


12 


97 


± 


13 


154 


± 


22 


135 


± 


28 


1.51 


0.567 


706 


± 


555 


426 


± 


351 


679 


± 


187 


664 


± 


136 


878 


± 


179 


1020 


± 


276 


1.51 


0.633 


410 


± 


173 


495 


± 


146 


490 


± 


52 


617 


± 


29 


717 


± 


39 


721 


± 


56 


1.51 


0.700 


463 


± 


353 


552 


± 


325 


481 


± 


84 


584 


± 


27 


702 


± 


38 


680 


± 


57 


1.51 


0.767 














1200 


± 


496 


496 


± 


61 


470 


± 


84 


821 


± 


196 


1.51 


0.875 


248 


± 


17 


283 


± 


19 


371 


± 


67 


249 


± 


111 


1270 


± 


552 


876 


± 


514 


1.51 


0.925 


248 


± 


19 


285 


± 


22 


347 


± 


28 


441 


± 


35 


522 


± 


81 


495 


± 


124 


1.51 


0.975 


234 


± 


29 


301 


± 


27 


345 


± 


20 


441 


± 


27 


527 


± 


73 


478 


± 


102 


1.51 


1.025 


240 


± 


33 


252 


± 


25 


330 


± 


19 


428 


± 


28 


468 


± 


81 


574 


± 


139 


1.51 


1.075 


170 


± 


27 


266 


± 


27 


350 


± 


22 


320 


± 


28 


372 


± 


55 


431 


± 


66 


1.51 


1.125 


244 


± 


53 


185 


± 


32 


316 


± 


28 


391 


± 


29 


424 


± 


25 


529 


± 


31 


1.51 


1.950 


76 


± 


38 


115 


± 


41 


132 


± 


30 


84 


± 


20 


144 


± 


28 


199 


± 


39 


1.51 


2.050 


51 


± 


15 


96 


± 


17 


120 


± 


13 


146 


± 


13 


173 


± 


18 


169 


± 


24 


1.51 


2.150 


30 


± 


12 


79 


± 


15 


84 


± 


13 


116 


± 


17 


115 


± 


30 


197 


± 


58 
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TABLE VII: H(e,e'p)7r" two-fold cross section d^cr/d[np]c.m. (± statistical error) at cos 6*0. m. = —0.975 and W = 1.53, 1.55, 
1.57, 1.59 GeV, in nb/sr. The systematic error is globally ± 4% on each point. 



w 




q 


i = 15° 






4> = ib 





( 


/) = 75 





q 


i = 105 





q 


i = 135 







= 165 





(GeV) 


(GeV^) 






































1.53 


0.567 


248 


± 


53 


409 


± 


54 


503 


± 


34 


580 


± 


34 


600 


± 


70 


406 


± 


81 


1.53 


0.633 


385 


± 


79 


499 


± 


69 


510 


± 


30 


578 


± 


24 


522 


± 


45 


557 


± 


70 


1.53 


0.700 


296 


± 


120 


336 


± 


91 


448 


± 


38 


561 


± 


28 


519 


± 


55 


519 


± 


85 


1.53 


0.767 














384 


± 


146 


427 


± 


76 


441 


± 


195 


890 


± 


506 


1.53 


0.875 


311 


± 


19 


299 


± 


22 


409 


± 


34 


403 


± 


52 


291 


± 


149 


2850 


± 


1830 


1.53 


0.925 


269 


± 


26 


313 


± 


23 


360 


± 


20 


510 


± 


42 


501 


± 


159 


630 


± 


278 


1.53 


0.975 


262 


± 


27 


340 


± 


23 


430 


± 


22 


368 


± 


37 


148 


± 


103 


1320 


± 


806 


1.53 


1.025 


285 


± 


29 


344 


± 


24 


365 


± 


21 


419 


± 


44 


229 


± 


46 


282 


± 


56 


1.53 


1.075 


357 


± 


46 


294 


± 


28 


358 


± 


25 


366 


± 


23 


407 


± 


24 


407 


± 


29 


1.53 


1.125 


175 


± 


130 


294 


± 


91 


339 


± 


48 


400 


± 


22 


392 


± 


22 


396 


± 


29 


1.53 


1.850 


1030 


± 


804 








514 


± 


380 




















1.53 


1.950 


83 


± 


23 


164 


± 


27 


156 


± 


18 


126 


± 


14 


179 


± 


21 


126 


± 


23 


1.53 


2.050 


103 


± 


17 


135 


± 


16 


174 


± 


14 


163 


± 


15 


143 


± 


22 


117 


± 


28 


1.53 


2.150 


116 


± 


25 


122 


± 


21 


94 


± 


17 


176 


± 


33 


263 


± 


97 


166 


± 


106 


1.55 


0.500 


286 


± 


49 


447 


± 


53 


511 


± 


46 


622 


± 


97 


879 


± 


504 


3240 


± 


2290 


1.55 


0.567 


328 


± 


37 


436 


± 


32 


503 


± 


21 


474 


± 


30 


273 


± 


88 


272 


± 


124 


1.55 


0.633 


278 


± 


46 


345 


± 


38 


480 


± 


23 


487 


± 


28 


306 


± 


79 


365 


± 


117 


1.55 


0.700 


62 


± 


70 


258 


± 


83 


427 


± 


37 


412 


± 


39 


193 


± 


114 


274 


± 


169 


1.55 


0.767 




















440 


± 


454 














1.55 


0.875 


235 


± 


18 


301 


± 


20 


313 


± 


19 


271 


± 


79 














1.55 


0.925 


237 


± 


20 


312 


± 


19 


403 


± 


23 


133 


± 


57 














1.55 


0.975 


272 


± 


22 


334 


± 


20 


387 


± 


24 


339 


± 


58 


286 


± 


60 


302 


± 


72 


1.55 


1.025 


306 


± 


30 


358 


± 


24 


328 


± 


21 


318 


± 


20 


361 


± 


25 


225 


± 


24 


1.55 


1.075 


277 


± 


71 


244 


± 


42 


336 


± 


27 


339 


± 


18 


313 


± 


21 


274 


± 


27 


1.55 


1.125 


278 


± 


102 


189 


± 


61 


366 


± 


32 


298 


± 


18 


270 


± 


23 


243 


± 


31 


1.55 


1.850 


158 


± 


79 


138 


± 


44 


182 


± 


35 


101 


± 


24 


107 


± 


29 


134 


± 


41 


1.55 


1.950 


101 


± 


17 


116 


± 


15 


137 


± 


13 


144 


± 


13 


125 


± 


20 


62 


± 


20 


1.55 


2.050 


77 


± 


12 


121 


± 


13 


121 


± 


12 


145 


± 


18 


26 


± 


18 








1.55 


2.150 


92 


± 


31 


138 


± 


33 


118 


± 


32 


83 


± 


54 














1.57 


0.433 


342 


± 


195 


100 


± 


147 


293 


± 


332 




















1.57 


0.500 


421 


± 


33 


464 


± 


28 


548 


± 


27 


488 


± 


145 














1.57 


0.567 


286 


± 


28 


422 


± 


24 


440 


± 


19 


407 


± 


63 














1.57 


0.633 


284 


± 


43 


339 


± 


33 


474 


± 


24 


340 


± 


57 














1.57 


0.700 


324 


± 


414 


299 


± 


205 


431 


± 


85 


327 


± 


150 














1.57 


0.875 


222 


± 


16 


258 


± 


14 


333 


± 


22 




















1.57 


0.925 


254 


± 


18 


299 


± 


17 


341 


± 


27 


332 


± 


67 


145 


± 


47 


174 


± 


73 


1.57 


0.975 


275 


± 


22 


328 


± 


19 


316 


± 


20 


322 


± 


20 


286 


± 


27 


178 


± 


30 


1.57 


1.025 


180 


± 


36 


306 


± 


33 


301 


± 


19 


298 


± 


16 


234 


± 


23 


167 


± 


28 


1.57 


1.075 


238 


± 


51 


299 


± 


42 


300 


± 


20 


295 


± 


16 


220 


± 


24 


278 


± 


40 


1.57 


1.125 


194 


± 


52 


188 


± 


36 


282 


± 


20 


284 


± 


20 


222 


± 


34 


138 


± 


37 


1.57 


1.850 


117 


± 


27 


123 


± 


22 


165 


± 


20 


131 


± 


18 


84 


± 


23 


46 


± 


33 


1.57 


1.950 


78 


± 


12 


131 


± 


13 


119 


± 


11 


121 


± 


14 


97 


± 


30 


78 


± 


36 


1.57 


2.050 


87 


± 


14 


132 


± 


15 


123 


± 


16 


73 


± 


23 








1080 


± 


823 


1.59 


0.433 


592 


± 


101 


514 


± 


84 


605 


± 


160 




















1.59 


0.500 


457 


± 


28 


471 


± 


23 


571 


± 


31 




















1.59 


0.567 


414 


± 


30 


446 


± 


22 


456 


± 


25 




















1.59 


0.633 


398 


± 


113 


406 


± 


62 


463 


± 


48 




















1.59 


0.875 


282 


± 


15 


281 


± 


13 


244 


± 


26 


315 


± 


83 


99 


± 


72 


132 


± 


95 


1.59 


0.925 


315 


± 


21 


337 


± 


20 


372 


± 


23 


326 


± 


24 


231 


± 


38 


229 


± 


48 


1.59 


0.975 


330 


± 


38 


358 


± 


29 


354 


± 


18 


367 


± 


20 


210 


± 


34 


209 


± 


46 


1.59 


1.025 


298 


± 


42 


327 


± 


30 


314 


± 


17 


302 


± 


19 


277 


± 


47 


131 


± 


42 


1.59 


1.075 


311 


± 


43 


366 


± 


35 


350 


± 


19 


295 


± 


21 


240 


± 


55 


151 


± 


59 


1.59 


1.125 


195 


± 


50 


300 


± 


42 


310 


± 


23 


245 


± 


26 


212 


± 


26 


145 


± 


20 


1.59 


1.750 








257 


± 


124 


115 


± 


61 


200 


± 


96 














1.59 


1.850 


129 


± 


19 


124 


± 


15 


166 


± 


15 


133 


± 


17 


120 


± 


44 


285 


± 


133 


1.59 


1.950 


121 


± 


13 


143 


± 


12 


132 


± 


12 


139 


± 


27 














1.59 


2.050 


49 


± 


28 


208 


± 


52 


174 


± 


67 
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TABLE VIII: The reduced cross section (d^cr) (± statistical 
error) as a function of Q^, at W = 1.53 GeV and cos Sc. m. = 
—0.975, for the two processes H(e, e'p)7 and H(e,e'p)7r°. The 
systematic error on each cross-section point is globally ± 15% 
for the H(e, e'p)7 process and ± 4% for the H(e,e'p)7r'' pro- 
cess. 



Q' 




(dV^) 






(dV,o) 




(GeV^) 




(nb/sr) 






(nb/sr) 




0.567 


35.4 


± 


7.0 


480.9 


± 


18.6 


0.633 


30.5 


± 


5.4 


499.9 


± 


15.0 


0.700 


25.9 


± 


13.2 


468.8 


± 


18.2 


0.767 








383.6 




57.1 


0.875 


23.7 


± 


4.1 


394.9 


± 


15.7 


0.925 


20.4 


± 


3.8 


382.4 


± 


14.0 


0.975 


27.3 


± 


4.0 


393.6 


± 


14.3 


1.025 


22.2 


± 


3.4 


352.4 


± 


13.5 


1.075 


20.7 


± 


3.0 


347.1 


± 


10.6 


1.125 


16.0 


± 


3.0 


338.1 


± 


11.7 


1.950 


7.8 


± 


2.1 


131.9 


± 


7.9 


2.050 


8.6 


± 


2.4 


149.4 


± 


7.5 


2.150 








136.0 


± 


12.6 
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TABLE IX: The ratio r of 7 to vr" reduced cross sections (± statistical error), at Q'^ = 1 GeV'^ and cos6'c.m. = —0.975. The 
next columns contain the reduced cross section {d^cTj} (± statistical ± systematic error) at these kinematics, in terms of either 
{d^ aj / d[Qp]c.ni.) or {da-y/dt). The systematic error on {da) is obtained by averaging over 4> the systematic error given in Table|T] 



w 

(GeV) 


r — 










cr^/d[f2p]c., 
(nb/sr) 






{da-^ /dt) 
(nb/GoV^) 


0.99 








497 


± 


67 


± 


283 




_i_ 


OOlU 


_l_ 


1 fii nn 

IDiUU 


1.01 








262 


± 


23 


± 


81 


10900 


_|_ 


995 




3390 


1.03 








142 


± 


12 


± 


33 


4750 


_j- 


41 1 




1120 


1.05 








100 


± 


8 


± 


32 


2800 


_|- 


242 




906 


1.07 








88 


± 


7 


± 


19 


2120 




168 




465 


1.09 








55 


± 


4 


± 


11 


1 180 




103 




247 


1.11 


0.3136 


± 


0.0315 


60 
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